Silver nanoparticles dispersed in a silica matrix were made by the consolidation of a Ag-attached silica colloid, which was synthesized via the electrolysis of a pure Ag electrode, the reduction of Ag + ions by H 2 , and the nucleation and growth of Ag particles on the silica nanoparticles in water. This simple process produced Ag/silica nanocomposites with a high concentration and narrow size distribution of nanoparticles, which was confirmed by transmission electron microscopy and x-ray diffraction. As estimated by Raman and photoluminescence measurements, the quantity of broken oxygen bonds was increased with increasing Ag concentration due to the intervention of Ag ions as structural modifiers in the silica network structure. Ag ions in the matrix are probably a residue of the Ag + ions that could not be reduced by H 2 during the electrolysis/reduction reaction. The optical-absorption spectra and the HCl-soaking test suggested that a chemical-interface damping effect, which was caused by electron transfer from the metal particles to the oxide matrix, dominates the optical-absorption properties in this system.
I. INTRODUCTION
Metallic nanoparticles dispersed in a dielectric matrix have attracted a great deal of attention as materials for nonlinear photonic devices because of their unique property of the enhanced third-order optical susceptibility at the visible band. [1] [2] [3] [4] [5] [6] This property depends on the chemistry and the microstructures of the metallic particles as well as their size, shape, and size distribution. [5] [6] [7] [8] Several methods, such as ion-exchange, multitarget sputtering, ion implantation, sol-gel, and so forth, have been used to control the chemical and structural factors effectively. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Despite some notable properties, these processes have a few limitations. These include low nanocluster concentrations, difficulties in mass production, a large amount of carbon contamination, and so forth. A new simple method was developed to improve these shortcomings by the consolidation of Ag-attached silica (a-SiO 2 ) colloid. High metallic-nanoparticle concentrations up to approximately 6 vol% (10.5 wt%), compared to the range of 10 −6 to 10 −3 vol% obtained using other conventional methods, 4 were attained through this process. In addition, this method is suitable for massive/ inexpensive and carbon/toxic-free production due to the simple electrochemical process and the least additives. Moreover, complexly shaped systems can be produced through the ceramic colloidal processing technology, such as tape casting, robocasting, slip casting, and so forth. 11 By varying the Ag concentration, the physical and chemical features of the nanocomposite can be changed, which will affect the optical-absorption properties reflecting the optical-nonlinear susceptibility. This paper reports the detailed synthesis and the characterization of the system produced by this method.
II. EXPERIMENTAL
To synthesize Ag-attached silica nanoparticles, a Ag (99.99%) plate as an anode and another metallic cathode were immersed in a 10 wt% colloidal silica solution (Ludox SM, Grace Davision) with a pH 9.2. By applying the proper decomposition potential between the two electrodes submerged in an electrolyte at approximately 70°C, the Ag + ions dissolved into the solution from the anodic Ag plate, and H 2 was evolved in the counter electrode. During the reaction, Ag metallic nanoparticles were deposited on a silica nanosphere via the reduction of Ag + ions by H 2 dissolved in the solution. As the electrolysis time was changed from 0.13 to 8.4 h with controlled bias voltages and temperatures, colloids with various Ag concentrations of 0.2, 0.5, 1.1, 2.2, 4.3, 5.8, and 10.5 wt% were produced. The colloids with the nanocomposites were then dried and consolidated in an oven at 60°C for 7 days.
The Ag/silica nanocomposites before and after consolidation were investigated using high-resolution transmission electron microscopy (TEM: JEM 3000F, JEOL) operating at 300 kV. In addition to the bright-field and high-resolution images, the Z-contrast images, which show the difference in the atomic masses through a gray level contrast, were also able to express the distribution of Ag and silica nanoparticles quite clearly. The TEM samples before consolidation were prepared by dropping the colloid onto a Cu grid with a carbon membrane, and the consolidated bulk samples were treated using the conventional preparation method.
The microstructures of the Ag embedded in the silica were examined by x-ray diffraction (XRD: M18XHF-SRA, MAC Science) with Cu K␣ radiation. To characterize the microstructures of the amorphous silica, Raman (T64000, Jobin Yvon) and photoluminescence spectra were obtained using a 515 nm Ar + laser and a 325 nm He-Cd laser at room temperature, respectively. A ultraviolet (UV)-visible spectrometer (UV-2401PC, Shimadzu) was used to examine the optical-absorption properties in the range of 200 to 800 nm. N 2 adsorption characterization was conducted at 77 K with a surface area and pore size analyzer (ASAP2010, Micrometrics) to investigate the pore structures. Prior to the measurement, the samples were degassed in an oven at 90°C for 5 h. The specific surface areas and pore volumes were acquired using the Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-Halenda method. 12 As the samples were soaked in a HCl solution (37%) for 5 h, the state of the combination between the Ag nanoparticles and the silica matrix (i.e., whether the Ag particles were placed on the pore surfaces or buried in the silica matrix) was validated.
III. RESULTS AND DISCUSSION

A. Production of silver nanoparticles embedded in silica matrix
An external voltage slightly exceeding the potential for the formation of Ag + ions and H 2 was applied to each electrode, which was less than the voltage needed for the electrolysis of water at pH 9. The driving forces for Ag nucleation on the silica surface were suggested to be electrostatic attraction from the surface-negative charges of the silica nanoparticles in solution at pH 9.2 (negative charge of silica, ≡SiO − , as a result of deprotonating the surface hydroxyl structure, ≡SiOH, in basic solution 12 ) and the lower energy for heterogeneous nucleation on the silica particles than for homogeneous nucleation in water. Figure 1 (a) shows the TEM micrographs of the colloidal Ag-attached silica nanocomposite of a 10.5 wt% concentration. In Fig. 1 (a)-1, two particles in the lower part are silica nanoparticles, and the upper one is the Ag-attached silica nanoparticle, which is expressed with the Z-contrast in the inset. Figure 1 (a)-2 also shows the Z-contrast image of the nanocomposite, showing the heavier element, Ag, as white, and the lighter silica elements as dark gray. These images show that Ag has nucleated on some (not all) of the silica nanoparticles with a spherical shape due to the relatively high interfacial energy between Ag and silica. It has been reported that the contact angle between Ag and silica is approximately 125°. 15 As water evaporated from the colloid, the nanocomposite and pure silica nanoparticles came in contact with each other by the mediation of the water interface and were polymerized and consolidated. The driving force for consolidation is the chemical potential differences driving the molecules of silica across the interfaces of the nanoparticles to reduce the surface energy. 16, 17 Despite the low processing temperature, from the Laplace equation, the chemical potential differences are abruptly elevated in the nanosized system 17 ⌬͑r͒ = 2␥րr , where ⌬(r) is the chemical potential difference, ␥ is the surface tension of silica, and r the particle radius. The driving force causes the surface structures (≡SiO − creating the electrostatic repulsion in colloid) to condense forming Si−O−Si linkages. The presence of soluble silica or silica monomers then plays a role in further cementing the bonds between the silica particles. 12 Figure 1(b) shows the bright-field and the Z-contrast images of the consolidated systems (i.e., Ag nanoparticles embedded in the silica matrix). Despite the combination of silica nanoparticles, the Ag clusters attached on silica particles maintained their spherical shape during consolidation at low temperatures (60°C). The ratio of nanocomposites to pure silica particles is relatively low (approximately 10 −2 in this experiment) in that the Ag nanoparticles on the nanocomposite rarely encountered each other to form larger Ag clusters. The collision rate was less than the square of the ratio by a simple estimation, assuming Brownian motion of the particles in the colloid. 18 Consequently, the isolation of Ag particles could be retained during consolidation. shows that the spherical Ag nanoparticles are uniformly dispersed, and some defects (dark stripes or dots) are found in several particles. In addition, Fig. 1(c) shows the lattice images of the nanoparticles with some defects, such as dislocations, stacking faults, grain boundaries, and so forth. The defects are believed to be caused by the low-temperature processing, and may be removed by annealing. 19 The size-distribution histogram of the Ag particles embedded in the silica matrix is shown in Fig. 2 with a log-normal distribution fitting. Approximately 350 particles were sampled from several different areas in the TEM images. More than 70% of the particles were between 5 to 7 nm in diameter. However, a few abnormally large and nonspherical particles were found, which may have aggregated during consolidation.
XRD showed (Fig. 3 ) that the peaks from the Ag nanocrystal with an fcc structure and the silica halo peak from the short-rage order of the mesoporous structure were found. 9 The intensity of the Ag peaks increases with increasing Ag concentration. The changes in the grain size estimated from the Scherrer equation and the nonuniform distribution of the local strain induced by structural disorder are plotted in Fig. 4 . 20, 21 The grain size increases and the local strain decreases with the augmentation of the Ag concentration. Comparing the grain size from XRD (4.85 ± 0.05 nm at the system with 10.5 wt% Ag) with the particle size from TEM analysis (approximately 5.9 nm at the same system), the particles are almost single crystals on an average, despite having some multigrain nanoparticles. Larger local strain in the smaller Ag particles may have originated from the high fraction of reconstructed and disordered surfaces. 22, 23 
C. Microstructure of consolidated silica matrix
To investigate the microstructures of the silica matrix with the Ag particles, Raman spectroscopy was used due to its good sensitivity for the bonding nature of amorphous materials. Figure 5 shows the Raman spectra of the silica samples with 5.8 and 10.5 wt% Ag nanoparticles. As a reference, the silica sample was prepared by drying the silica colloid without added Ag. From the silica spectra, there are three basic peaks, and the overall shape is quite similar to the conventional silica. 950 cm −1 and the antisymmetric stretching vibration perpendicular to the bisector in the Si-O-Si plane at 1050 cm −1 . With the addition of Ag, the intensity of the band at 440 cm −1 decreases and the peaks near 790 and 950 cm −1 become much stronger. The enhancement of the peak intensity at 950 cm −1 (or disappearance of the peak at 1050 cm −1 ) indicates an increase in the amount of the nonbridging oxygen, that is, a change in the structural units from SiO 2 (three-dimensional network structure) to SiO 4 (isolated tetrahedron). 26 The small bands at approximately 1300 and about 1400 cm −1 have been suggested to reflect the Ag−O bond vibration. 3 Consequently, it was suspected that Ag might intervene in the process of consolidation to prevent the particles from combining with one another and produce many oxygen defects or nonbridging oxygen in the silica matrix.
The photoluminescence properties were examined to confirm Ag intervention in silica, as it is known that the metal ions or clusters in an oxide matrix play a role as light-emitting centers. 1, 27 The photoluminescence spectra of the samples with silica and 5.8 and 10.5 wt% Ag particles are plotted in Fig. 6 . The emission band of silica is resolved into four Gaussian peaks at approximately 2.5, 2.8, 3.0, and 3.2 eV, as shown in Fig. 7 . The luminescence band near 2.5 and 2.8 eV is associated with the decay in the self-trapped exciton as a pair of a hole localized on oxygen and an electron on the neighboring silicon in the silica matrix. [28] [29] [30] It has been reported that two peaks consisting of 3.0 and 3.2 eV bands are induced by the electron-hole recombination at the unknown oxygen-deficient-associated defect centers. 30, 31 In the system with the Ag nanoparticles, a new peak near 2.65 eV in addition to the four peaks is shown (Fig. 7) . The peak at 2.65 eV is consistent with the well known luminescence band, attributed to the electronic transitions, 4d 9 5s 1 ↔ 5d 10 , of Ag + ions in the ion-exchanged soda-lime glass. 1, 27 In this case, Ag + ions settle in the nonbridging oxygen sites and provide local-charge neutrality to that as a structural modifier, such as Na + ions in a silica matrix. 2, 32 The intervention of Ag + ions might be due to residual ions on the silica particles, which could not be reduced by H 2 during the electrolysis reaction. Figure 8 shows the optical-absorption spectra of the Ag-embedded silica in the range from 200 to 750 nm. The absorption peaks due to the surface plasmon resonance of the Ag nanoparticles are found at around 410 nm. The surface plasmon resonance is induced by the coupling between the oscillation of the electron cloud on the surface of the Ag nanoparticles and the incident electromagnetic wave in the quasi-static regime. 7 The increase in the intensities with increasing Ag concentration is simply due to an enlargement of the scattering sources. The blue shift in the peak positions with the increasing Ag concentrations is easily explained by the attenuation of the size-dependent damping effect, or the free-path limitation of the electrons in metal particles from small to large particles. 7 The full widths at halfmaximum (FWHM) of peaks also increased. By applying the conventional relation of ⌫ ϰ 1/r (⌫ for FWHM of the surface plasmon resonance peak, and r for the radius of the nanoparticles) based on the Mathiessen's rule to these systems, 7 the samples with higher Ag concentrations should have a smaller particle size, which is inconsistent with the XRD results. The appearance of higher multipole modes in the larger particles could not explain this contradiction, as the average particle size was too small and there were too few abnormally large particles (not more than 2%) to cause quadrupole excitation, as shown in Fig. 2. 7 Moreover, although the quadrupolar absorption should appear in the higher energy band than dipolar absorption, the absorption peaks are broadened toward the lower energy band region, as shown in Fig. 8 . Chemical-interface damping (CID), caused by electron transfer from the metallic particles into the surface affinity levels below the bulk conduction band of silica, might be the cause of the band broadening. 7 It is well-known that the metal clusters surrounded by an oxide matrix show a broader bandwidth than the free clusters by several factors due to the CID. 7 These phenomena may become more effective in higher Ag concentration systems because of the increase of the fraction of Ag/silica interfaces, as validated by the HCl-soaking test.
D. Optical-absorption properties
From the N 2 adsorption-desorption isotherm investigation, it was found that the total surface areas (BET surface area) and pore volumes (total pore volume less than approximately 80 nm in diameter) in this system were approximately 200 m interconnected at this level of porosity (approximately 40%). 8, 33 To determine if the Ag particles are in full contact with the silica matrix, the samples were allowed to soak in a HCl solution (37%) for 5 h, as the pores are open to the air and interconnected to each other. If the Ag particles settled at the pores and were exposed to the atmosphere, they would react with the HCl solution [based on the reaction at room temperature: HCl(aq) + Ag(s) → 1/2H 2 (g) + AgCl(s) 34 ] permeating into the nanopores as a result of capillary pressure. The reaction results in the disappearance of the surface plasmon resonance due to the extinction of metallic property of nanoparticles. 33 The optical-absorption spectra of the HCl-treated samples for several Ag concentrations are shown in Fig. 9 . Whereas the absorption intensities in the samples with a few Ag particles diminish greatly, high Ag concentration systems do not show any notable changes after a HCl treatment for 5 h. These phenomena suggest that almost all the Ag nanoparticles were passivated and in contact with the silica matrix in the higher Ag concentration systems.
As confirmed by the Raman spectra, there are many oxygen defects in the silica matrix. Because the electron energy level of the defects is below the Fermi level of Ag, as shown in a schematic band diagram in Fig. 10 , the electrons in the Ag particles might flow into the oxygen defects. 35, 36 Therefore, in addition to the surface-affinity levels, the oxygen defects also could be another source of the CID effects in this system. In short, the electron transfer from the metallic nanoparticles to the surfaceaffinity and the oxygen-defect levels in the oxide matrix through the large fraction of interfaces might cause the optical-absorption peak broadening in the samples with higher Ag concentrations.
IV. CONCLUSIONS
Metallic Ag nanoparticles were dispersed in a silica matrix by the consolidation of a Ag-attached silica colloid, which was produced by the electrolysis, reduction, and deposition of Ag on the silica nanoparticles in water at pH. 9.2. TEM and XRD confirmed that the Ag nanoparticles were scattered in the matrix with a high concentration and a relatively narrow size distribution. The amount of nonbridging oxygen in the silica increased with increasing Ag concentration, as explained by the overall change in the Raman spectra. From the appearance of the photoluminescence band at 2.65 eV, this may be due to the intervention of Ag + ions as a structure modifier in the silica network. The fraction of the Ag/ silica interfaces increased with increasing Ag concentration, as validated using the HCl-soaking test. In addition, it affected the optical-absorption properties, because electrons in the metal particles transfer to the surfaceaffinity and oxygen-defect levels of the silica matrix via the Ag/silica interfaces. 
